A widely tunable 2 μm fiber laser based on a modified Sagnac filter incorporating cascaded polarization maintaining fibers (PMF) is proposed and demonstrated. The modified Sagnac filter consists of two cascaded PMFs which have a 45°angle offset between their fast axes. Two polarization controllers (PCs) are inserted to optimize polarization status in the cavity. The lasing wavelength can be tuned by adjusting axial strain applied on PMFs. A tuning range of more than 40 nm is obtained with free tuning step, ranging from 1859 nm to 1901 nm. The proposed tunable laser is efficient to obtain precise wavelength tunability and wide tuning range.
Introduction
In recent years, Thulium-doped fiber lasers (TDFLs) or Thulium-Holium co-doped fiber lasers (THDFLs) operating around 2 μm region have been extensively investigated due to their wide applications in various fields, such as biomedicine, gas sensing, supercontinuum generation, light detection and ranging (LIDAR) and laser guidance [1] - [6] . For example, with strong absorption attenuation in liquid water and animal tissues, fiber lasers around 2 μm region can be served as efficient tools for laser surgery [7] , [8] . As a provider of broadband amplification (1700-2100 nm), TDFLs and THDFLs have greatly increased transmission capacity of the optical fiber system. In addition, fiber lasers around 2 μm region may provide an option as a pump source for longer wavelength IR generation [9] .
Many reported theoretical and experimental studies on 2 μm fiber lasers focus on ultrafast lasers [10] - [12] , multiwavelength lasers [13] , [14] , high power lasers [15] , [16] and what this paper mainly discusses, tunable lasers [17] - [22] . Broadband tunable filters suitable for fiber lasers in the 2 μm region have proved great significance in diverse fields of scientific researches and industrial applications, such as fiber sensing, fiber communications and transmission systems, which could be greatly improved if 2 μm fiber lasers have better tuning performance [23] . Due to their huge potential applications, it is necessary and urgent to investigate more efficient tuning methods, especially all-fiber tuning methods. So far, different approaches on 2 μm tunable fiber lasers have been reported in the past decade. J. Geng and the co-workers reported a widely tunable fiber laser based on a fiber Fabry-Perot filter, by which over 200 nm tuning range can be obtained [24] . Z. Li et al. reported a 2 μm fiber laser with continuous total tuning range over 250 nm (1820-2077 nm) by employing a broadband tunable filter [25] . M. Sun et al. reported a fiber laser in the 2 μm region with tuning range over 60 nm by using volume Bragg gratings [26] . Many reported tunable fiber lasers employing multimode interference (MMI) filters show excellent tuning capability and stability. P. Zhang et al. reported a tunable multiwavelength Tm-doped fiber laser based on the multimode interference effect with tuning range over 24 nm [27] . Based on an MMI filter formed by a special no-core fiber, X. Ma et al. reported an optofluidically tunable TDFL with a tuning range from 1813.52 to 1858.70 nm [20] . By mechanically bending a homemade MMI fiber filter with a structure of single mode fiber (SMF)-multimode fiber (MMF)-SMF, a widely tunable mode-locked TDFL with a tuning range of 1919.6-2014.9 nm is achieved by N. Li and the co-workers [27] .
In the past few years, many Sagnac filters and modified Sagnac filters have been applied in tunable fiber lasers, serving as broadband tunable filters or alternate wavelength switching devices [28] - [30] . In [28] , a linear cavity is constructed; by adjusting PC, switchable and tunable lasing operation can be obtained. In [29] , a widely tunable, dual-wavelength fiber laser with tunable operation over a range of 70 nm is achieved by variation of a PC in the ring cavity. Compared with other tuning methods, this kind of filters have advantages of wide tuning range and simple manipulation. In addition, Sagnac filters are compatible with other fiber devices, so it's easy to cascade them with other ones [31] , [32] . Due to these advantages, they are widely applied in many tunable fiber laser systems. However, it should be noted that most of tunable fiber lasers based on Sagnac loops are achieved by arbitrary adjustment of PC, which is very simple but worsens the repeatability and stability of the laser performance. Some Sagnac filter is tuned by temperature variations of the high birefringence fiber, which have the disadvantages of low precision and slow tuning speed [30] . Therefore, it's necessary to design a Sagnac filter with good repeatability.
In this paper, based on a modified Sagnac filter incorporating two cascaded PMFs, a wavelength tunable 2 μm fiber laser is proposed and demonstrated. 1859∼1901 nm lasing wavelengths with about 5 nm tuning steps could be achieved when adjusting the axial stain applied on these two cascaded PMFs, which are fixed on translation stages. Furthermore, the long-time stability of the proposed fiber is investigated, with the power fluctuations and wavelength drift of 0.9dB and 0.1 nm, respectively. These results show that the proposed modified Sagnac filter is an effective tuning component for tunable lasing generation at 2 μm.
The Experimental Setup and Operation Principle
As illustrated in Fig. 1 , a 1570 nm distributed feedback laser (DFB) laser (HOYATEK) and a homemade two-stage amplifier with max output power of 1.8W are used as pumping source. The pump light is delivered into the laser cavity via a 1570/1900 wavelength division multiplexer (WDM). The WDM is spliced with a 1.8 m Tm-Ho co-doped fiber (CorAcitve, TH512), which has an 9 μm core diameter, numerical aperture (NA) of 0.16, and 23 dB/m absorption at 1570 nm. A modified Sagnac loop is inserted in the cavity to tune operating lasing lines, the detailed principle of which will be described below. A polarization insensitive isolator (ISO) inserted in the cavity ensures unidirectional operation in the cavity, with insertion loss of 1.25dB. A three-spool PC (PC2) is employed to adjust the polarization evolution of the propagating light in the cavity. 10% of the laser power is extracted from the cavity by a 10/90 non-PM fiber coupler (OC2) to be detected and measured by an optical spectrum analyzer (Agilent 86140b, OSA) with a scanning range from 600 to 2000 nm and a resolution of 0.06 nm. The laser output power is measured by an optical power meter (Thorlabs 1396-C).
As we know, tuning properties of fiber lasers mainly depend on the tunability of filters, so it's necessary to describe the principles of the modified Sagnac filter used in the proposed fiber laser. The modified Sagnac loop is formed by two cascaded PMFs which have a 45°angle offset between their fast axes. These two cascaded PMFs are inserted in the Sagnac loop to form an interferometer which could generate envelope and fine fringe due to Vernier effect. PC1 is inserted in the loop to optimize the contrast of the transmission spectra of the Sagnac filter. OC1 is a non-PM optical coupler, with coupling ratio of 50/50 around wavelength of 1.9 μm band. By using the Jones matrix, the transmissivity can be derived as: 2 (1)
Where α, β, ϕ 1 , ϕ 2 and θ correspond to rotation angle of PC1, angle between fast axe and x-axis of PMFs, phase difference brought by PMF 1 , phase difference brought by PMF 2 and the fast axes splicing angle offset between PMF 1 and PMF 2 . PMF 1 and PMF 2 are careful spliced by a fiber fusion splicer (Fujikura, FSM-100P+) with a 45°angle offset between their fast axes. These two spliced cascaded PMFs are fixed onto a precise translation stage to precisely adjust the axial strain applied on them, which is clearly shown in Fig. 2 . Each translation stage used in the cavity can be tuned independently during the tuning process. It can be seen from the transmission equation (1) that the output transmission T is a periodic function of the wavelength λ, the length of the PMF L and it can be changed by adjusting ϕ 1 and ϕ 2 when α, β and θ are fixed as certain values. The envelope of the transmission spectra is determined by (ϕ 1 -ϕ 2 ) or (L 1 -L 2 ) and the fine spectra of the transmission spectra are determined by (ϕ 1 + ϕ 2 ) or (L 1 + L 2 ). Axial strain can be applied on PMFs to change their length, so according to the equation (1) and (2), it could be found that the lasing wavelengths can be tuned by adjusting L 1 and L 2 by translation stage. Thus, by adjusting the axial strain on two cascaded PMFs, a widely and precisely tunable filter can be achieved.
It should be noted that the length of PMF is affected by axial strain and temperature variation of PMF.
Where α, ε, T is the temperature coefficient, the applied stain ε on the PMFs and the temperature variation, respectively. So it is necessary to obtain small wavelength drift by controlling the temperature variation.
Experimental Results and Discussions
In our experiments, with PMFs length of 101 cm and 108 cm, θ of 45°, the measured transmission spectra of the modified Sagnac filter are shown in Fig. (3) measured by experimental setup shown in Fig. 2 at a temperature of approximately 23°C. The contrast of the transmission spectra could be controlled by carefully adjusting the polarization status of PC1. After this adjustment, fix the PC1 and no longer change the rotation angle of it. The blue curve and the black curve is the measured TH512 fiber amplified spontaneous emission (ASE) spectrum and the product of ASE by the modified Sagnac filter reflection, respectively. The ASE spectrum mainly ranges from 1.7 μm to 1.9 μm. The free spectral range (FSR) of this filter is about 6.6 nm at 1.8 μm band and the FSR of the envelope is about 80 nm, calculated by the measured data obtained by OSA. The wavelength shift of this modified Sagnac filter caused by the applied axial strain on PMFs results in tunable lasing wavelength in the fiber laser.
The experimental spectrum measured from the output port is show in Fig. 4(a) . As it is shown in Fig. 4(a) , the lasing wavelength is 1877 nm, and the SNR is over 30 dB. The output power at 1877 nm is plotted in Fig. 4(b) . The threshold of pump power is about 200 mW. The output power increases almost linearly with the increasing of the 1570 nm pump power. We fixed the pump power at ∼500 mW to obtain the stable laser operation after measuring output power. The main contributor for the wide tuning range is the modified Sagnac filter used in the proposed fiber laser. Its tunable filtering performance can be achieved by adjusting the applied axial strain on two cascaded PMFs. Firstly, we could roughly tune the lasing wavelength at a rough wavelength by changing the applied axial strain on one PMF. According to equation (1) and (2), the spectra of the filter are related to (L 1 -L 2 ) and (L 1 +L 2 ), so we can precisely tune the fine spectra by changing (L 1 -L 2 ) without changing (L 1 +L 2 ). In other words, we could precisely tune the fine spectra by increasing or decreasing the length of PMF1 and PMF2 with the same variation at the same time. Hence, we carefully adjust the translation stage to obtain tunable wavelength oscillation. The corresponding lasing spectra are measured by OSA, shown in Fig. 5 , which indicates that the proposed fiber laser can be tuned from 1859∼1901 nm with about 5 nm tuning steps, more than 40 nm tuning range. It needs to be emphasized that most of previously reported tunable fiber laser based on Sagnac filter is achieved by arbitrary adjustment of PC, which is very simple but worsen the repeatability and stability of the laser performance. The tuning method by adjusting axial strain applied on PMFs used in this proposed fiber laser is much more reliable and easier to repeat, which shows better tuning performance. It's difficult to obtain small tuning steps without any filters in the cavity and the tuning process is arbitrary. It is easy to notice that the intensities are different at different wavelength and the lowest is around 1900 nm. The analysis indicates that it is limited by ASE spectrum of the pumped TH512 fiber. In addition, most fiber devices used in the cavity are designed for 1.9 μm band, but the output wavelengths of the proposed fiber laser range from 1859 to 1901 nm. We could increase the tuning range by using TH512 fiber with different length or fiber devices designed for shorter wavelengths.
In order to confirm the long-term operation stability of this proposed fiber laser, we measure the long-time emission spectra of this proposed fiber laser at room temperature, which is shown in Fig. 6 . The measurement is performed with the fixed pump power of 500 mW. 30 lasing spectra are recorded with an interval of 3 min by OSA. As can be seen from Fig. 6(a) , no obvious output power fluctuation and central wavelength drift occur in the experimental period. To further investigate longtime stability of this fiber laser, power variations and wavelength drift are repeatedly measured by the OSA in 90 min with an interval of 3 min presented in Fig. 6(b) , with estimated power fluctuation less than 0.9 dB, wavelength drift less than 0.1 nm. This indicates that the proposed THDFL could steadily operate at room temperature., Fluctuations of central wavelength and peak power could be further improved by control the room temperature to alleviate the disturbance of the temperature variation since the PMF is temperature sensitive.
Conclusion
In summary, a widely and precisely tunable operation of a Tm-Ho co-doped fiber laser based on a modified Sagnac filter incorporating two cascaded PMFs is proposed and demonstrated. The modified Sagnac filter works as a tunable filter to select lasing wavelengths. Over 40 nm tuning range with about 5 nm tuning steps could be achieved when adjusting the stain applied on these wo cascaded PMFs. The 3 dB linewidth of the output laser is less than 0.06 nm, which is limited by the resolution of the OSA. Stable operation of the proposed fiber is investigated by monitoring the peak wavelength drift and output power fluctuations for 90mins. The performance of the proposed THDFL can be further improved with better temperature compensation and vibration isolation. Our research provides a simple method for obtaining a robust and reliable fiber laser with wide tuning range and precise wavelength tunability, which makes it possible for the practical applications in medical area, optical sensing and so on.
